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ABSTRACT 
The study investigates the local characteristics ofmethane dispersion generated by the Pata Rat non–compliant
municipalsolidwaste(MSW)landfilllocatedinvicinityofCluj–Napoca,Romania,usinganumericalmodeldeveloped
atTheCenterforPromotingEntrepreneurship intheSustainableDevelopmentDomain,fromTechnicalUniversityof
Cluj–Napoca. Themodelwas applied to the analysis of themethane dispersion emitted from the landfill, in two
differentweatherconditions. Inthefirstcasethesynopticscaleeffectswereweakfavoring localflowdevelopment,
while inthesecondcase,thesynopticscaleeffectswerepredominant.Thenumericalmodeltakes intoaccountthe
localorographyanddaytimeheating.Inthestudiedarea,thetopographypresentssubstantialvariation,whichaffects
theairflowdynamics.The initialconditionsareformulatedusingobservationaldata,recordedattheMeteorological
andAerologicalStationCluj–Napoca,aswellastheMeteorologicalStationofCluj–NapocaInternationalAirport.Inthe
firstcase,winddirectionandintensitypresentdiurnalvariationsduetothethermallyinducedlocalcirculations.Inair
layers near the ground, up to 350–400m, these variations aremore pronounced and significantly influence the
dispersionofmethane. In thesecondcase, localeffectsareblurredbyamore intensesynopticscalecirculation. In
theseconditionstheareaaffectedbymethanedispersionismuchlowerascomparedtothepreviouscase.Inaddition,
the time intervals forpresenceofunpleasantodordue to landfillgaseswereestimated.Simulationshows that the
dispersionisstronglyinfluencedbytheweatherconditionsandlocaltopography.Theresultsindicatethepossibilityof
usingthemodelasadecisionalsupport inassessingtheapplicationsandstrategies forairpollutioncontrolon local
scale.Anaccuratemappingofpollutantdispersionisusefulbothforurbanplanningandresidentialdevelopers.
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1.Introduction

Inrecentdecadesnumerousexperimentalandmodelingstudies
have been conducted in order to obtain information on pollutant
dispersion.Dependingonthechosenpurpose,differenttechniques
havebeenusedformonitoringandmodeling.Someofthesestudies
are purely experimental, presenting and analyzingmeasurements
from a small area. Others are purely theoretical, focusing on the
investigationofpollutantdispersioncausedbydifferentflowregimes
of atmospheric air. In another category we can mention studies
combining field measurements with mathematical modeling. The
literature shows a wide variety of mathematical models used to
studythedispersionofairpollutants,rangingfromsimpleanalytical
models (e.g.,Mayhoubetal.,2003;AnikenderandGoyal,2012) to
complexones,usingthecompletesetofequationsforatmospheric
flow and thermodynamics (e.g. Lagouvardos et al., 1996;Martilli,
2003; Costa et al., 2005; Schmitz, 2005; Kakosimos et al., 2011;
Lesouefetal.,2011;Aloyanetal.,2012;KonglokandPochai,2012).
ThemostfrequentlyusedmodelsaretheBox,Gaussian,Lagrangian
andEulerianmodels(HolmesandMorawska,2006).

In Romania, the requirements of national and European
policiesonairquality improvementmeasures requiremonitoring
concentrationsofairpollutantsandconducting impactstudieson
airquality.Thetargetofthesestudies isto identifyriskareasand
situationswheretheconcentrationofpollutantscanreachandeven
exceed thecritical thresholdofdanger (e.g.Grigorasetal.,2012;
Grigoras andMocioaca, 2012). In this context, there is need for
complexdiffusionmodelswhichwork indifferentweathercondiͲ
tionsandcanintegrateheterogeneouscharacteristicsoftheland.

The purpose of this study is to investigate the local characͲ
teristicsofairpollutantsdispersion,generatedbythenon–compliant
MSW landfill situated at Pata Rat, in vicinity of Cluj–Napoca
(Romania), using a numericalmodel developed by The Center for
Promoting Entrepreneurship in the Sustainable Development
Domain, fromTechnicalUniversityofCluj–Napoca.Themodelwas
appliedtotheanalysisofthemethanedispersionemittedfromthe
landfill, in two different situations. Themajor difference between
themisdeterminedbytheweatherconditions.Inthefirstcase,due
toweak south–western synoptic flow and enhanced atmospheric
stability,localscalethermalcirculationsareinducedbythecomplex
terrain,which influence thepollutants transportpatternsand form
baddispersionconditions.Inthesecondcase,underinfluenceofan
intensenorth–westernflowinlowertroposphere,thesynopticscale
forcingwasdominantcreatingbetterdispersionconditions.

The studyareahas significant terrainvariations,which influͲ
ence the airflowdynamics. The ascendantmotionson thewindͲ
wardslopes,theconvergencezonesonthe leewardsidesandthe
elevated heat sources generated by slopes exposed to the sun
have strong influenceson convectiveactivitydynamics (Souzaet
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al., 2000; Holton, 2004; Bianco et al., 2006) and thus play an
important role in the dispersion of air pollutants.Generally, the
verticaldistributionoftemperatureandpollutantsoveranuneven
groundsurfacepresentamorecomplexstructurethanoveraflat
horizontalground(Reutenetal.,2007).

PataRatMSWlandfillwasopenedin1973,withastoragearea
of9hectares,andwasdesignedforthestorageof3.5milliontons
ofwastefor30years.Itshouldhavebeenclosedin2003,butisstill
inuse. In time, thesurfaceofdepositcame toexceed18haand
the stored waste 10 million tons (Hategan et al., 2012).
Environmentalpollutionofwater,airandsoilhasledtochangesin
the ecosystem and the legitimate use of the area. In adverse
weather conditions the impact of landfill is felt on awide area,
aerosols arising from the uncontrolled burning of waste spread
over a distance of 15 to 20km, favoring production of fog on
Somes Valley. The odor released from decomposition processes
persist throughout the year, just the intensity and propagation
distancevariesdependingonweatherconditions.

2.DataandMethods

Dispersionanalysisoflandfillmethaneemittedwasmadeona
parallelepiped shaped domain of the planetary boundary layer
with dimensions 30km×30km×3km. The bottom limit of this
domain,thegroundsurface,iscenteredonPataRatlandfilland is
boundedbygeographiccoordinates;

x inSWcornerʔ=46.63°ʄ=23.5°
x inNEcornerʔ=46.8998°ʄ=23.893064°

InFigureS1a,presentedinSupportingMaterial(SM),isshown
thelocationofanalysisdomain.The landfill ismarkedwithD,and
theAirportwithA.Terrainelevationsvarybetween270and800m
(seetheSM,FigureS1b).

Dispersion of air pollutants are governed by atmospheric
motions,advectionanddiffusion,which in turnare influencedby
the thermodynamic parameters of atmosphere.Governing equaͲ
tions of the numericalmodel is based on fundamental physical
principles,expressedbytherelationsofconservationformomentum,
mass, heat andmoisture, taking into account the interaction of
atmosphere with the ground surface that has thermal and
orographic inhomogeneities.InCartesiancoordinatesystemthese
equationsaretheNavier–Stokesequations,thecontinuityequation,
the equations for conservation of heat and moisture, and the
equationofstateforhumidair:

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where x, y and z are the independent spatial variables, t is the
time,u,vandwarethevelocityvectorcomponentsexpressed in
ms–1, ܭ௫௠, ܭ௩௠ and ܭ௭௠ are the coefficients of horizontal and
vertical turbulent viscosity inm2 s–1, and Kx Ky and Kz are the
horizontalandverticalturbulentdiffusioncoefficientsexpressedin
m2s–1.T(x,y,z,t)isthetemperatureinK,q(x,y,z,t)isthespecific
humidityinkgkg–1(kgofwatervaporcontainedinkgofmoistair),
cpisthespecificheatofairatconstantpressureinJkg–1K–1,fisthe
Coriolisparameter in s–1,andR is the gas constant fordryair in
m2s–2K–1. In Equations (5) and (6) Ȟ is the vertical temperature
gradient in Km–1, Ȟd is the adiabatic lapse rate of dry or
unsaturatedmoistair,andLv is the latentheatofwatervapor in
Jkg–1.

ThesystemofEquations(1)–(7)wascompletedwithadvection–
diffusionequationofpollutants:

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whereC(x,y,z,t)istheconcentrationofpollutantinatmosphere.

To initialize themodel,observationaldata fromground level
andaltitudewereused.ThesedatawererecordedattheMeteoroͲ
logical and Aerological Station Cluj–Napoca code WMO (World
Meteorological Organization) 15120, and at the Meteorological
Station of Cluj–Napoca International Airport code ICAO (InternaͲ
tional Civil Aviation Organization) LRCL. The observed values of
temperature, humidity, pressure and horizontal components of
windwere interpolated to the numericalmodel levels. This is a
horizontallyhomogeneousinitialization(Kallos,1989;Lagouvardos
etal.,1996).Fort=0itisassumedthatthemethaneconcentration
intheenvironment iszero,andthemethaneemissiontakesplace
atthegroundlevelwithaconstantemissionrate.

At all lateral boundaries, zero gradient boundary conditions
(Gross,2001;Costaetal.,2005;Aloyanetal.,2012)wereutilized
for temperature, humidity, pressure and concentration. At the
inflowlateralboundarieswindvelocitycomponentsnormaltothe
boundarywerespecified,and fortangentialcomponentsthezero
gradient conditionwere formulated.These specified valueswere
extracted from numerical products of regional scale prognostic
model GFS (Global Forecasting System) and from ESRL (Earth
System Research Laboratory) database. At the outflow lateral
boundaries the zero gradient conditions were applied for all
velocity components. At the upper limit of integration domain
values of boundary conditions for velocity components, tempeͲ
rature, pressure and humidity were specified, and formethane
concentrationthezerogradientconditionsπC/πz=0were imposed.
Atthelowerlimitofintegrationdomaintypicalconditionsforrigid
Soporan et al. – Atmospheric Pollution Research (APR) 314

boundarieswereapplied.Thermal radiation is taken intoaccount
indirectly,by imposingasinusoidaldiurnaltemperaturevariation.
TheSmagorinsky–Lillyturbulencemodel(Lilly,1962;Smagorinsky,
1963;Clark,1979;Aloyanetal.,2012)wereadoptedforestimation
of subgrid–scale fluxes, coefficients of turbulent diffusion, and
turbulentviscosity.

For discretization of the governing equations the control
volumebased,finitedifference,methodwasused(Patankar,1980;
Markatos,1989;McDonough,2007).The integrationdomainwas
subdivided into parallelepiped shaped computational cells. All
scalarunknownswerecomputedatthecenterofeachcell,while
the velocitiesare computedat the facesof cell.Thismeans that
staggeredgridswereemployedfordiscretizationofthemomentum
equations.Fortemporaldiscretizationan implicitEulerschemewas
used. The SIMPLEC algorithm has been adopted to treat the
velocity–pressurecoupling(McDonough,2007).

Sitedescriptionandsourcecharacteristicsinputintothemodel
arepresentedinTextS1(seetheSM).

2.1.Observationalevidencesandmodelsensitivitystudies

Heatandmasstransfercapabilityofmodelandsensitivitytothe
grid spacingwere validated against experimentalmeasurements,
earlier in the years 1998–2003, and proved to be reasonably
accurate(Soporanetal.,2003).

Unfortunately, for the study region, reliable measurement
dataofmethane concentrations tobe comparedwith simulation
resultsaremissing,butthefewmeasuredvaluesexistentforCluj–
Napoca,areingoodconcordancewiththesimulationresults.

Processingofwinddirectionobservations, recordedbetween
years 1971–2000 at the Meteorological Station of Cluj–Napoca
International Airport, clearly indicates the channeling feature of
surfacewind toW–Edirection,along the SomesValley.TableS1
(see the SM) presents the relative frequencies of occurrence of
wind direction on the 8directions (Sandu et al., 2008).Value of
12.4%fromWandthe11.5%fromE,comparedtothefrequencies
of the other directions indicate the predominance of channeling
effect in layersnear theground, incentralpartof studydomain.
Thenumericalmodelcaptureswellthischannelingeffecttogether
with the diurnal variation ofwind direction caused by the hill–
valleyandvalley–hillbreezes. InFigureS2aandS2b (see theSM)
are presented 2 horizontal sections in wind field at altitude of
325m abovemean sea level (MSL) at 06:42LT and 10:51LT in
06.08.2012,providedby themodel.Thesealsoshow thecontour
ofchannel–shapedreliefinthecenteroftheanalysisdomain.The
changes insurfacewinddirection,fromW–>EtoE–>W, incentral
partofstudydomainarecausedbytheonsetofvalley–hillbreeze
at07:30LT,afterthebeginningofthermalcirculations.

FigureS2candS2d(seetheSM)presentahorizontalsectionin
wind fieldataltitudeof325maboveMSLat20:48LTandoneat
1225m aboveMSL at 10:51LT in 06.08.2012, provided by the
model. Figure S2c (see the SM) show the surfacewind after the
beginningofthehill–valleybreezeat20:00LT,andFigureS2d(see
theSM) indicates thatataltitudeof1225m thewind isdirected
mainly from SW to NE following the synoptic scale circulation.
DetailsarepresentedinSection3.1.

We performed sensitivity experiments of themodel results
regarding the turbulencemodel set–up and the grid sizes. In all
numericalexperimentsweusedconstantspatialincrements,which
means, that the sizeof the control volumeswas identical to the
meshcellsize.

ToexaminetheeffectofvalueoftheSmagorinskyconstantto
themodel results,we performed 3 separate runswith different
valuesofCs:0.11,0.17and0.22.Inallrunstheintegrationdomain
was the one shown in Figure S1a (see the SM), and the spatial
incrementsweresame,dx=dy=500manddz=50m.Also,theinitial
conditionswere same to thosedescribed inSection2.Wename
theserunsR11,R17andR22.Themethaneconcentrationsobtained
withtheserunsfor06:00and08:00LTarepresented inFigureS6
(see the SM) forR11 andR22, and in Figure 1a and1b forR17.
Analysis results show that the area affected by methane
concentrationsgreaterthanzeroisgreaterinthecaseofR11than
in case of R17 or R22, both at 06:00 and at 08:00LT. It is in
concordance with the Lilly's result (Lilly, 1967) that the subgrid
scaledissipation isproportional to (Csȴ)2, thus lowervaluesofCs
givelowerlevelsofsubgriddissipation.Instead,maximumconcenͲ
trationsareslightlylowerinthecaseofR11andR17,thaninR22.
TheincreaseddissipationincaseR22seemstodampensdownthe
turbulence,andthusreducesthehorizontalandverticalextentof
dispersion and in this way leads to greater accumulation of
concentrations.

Tohaveanobjectivemeasureofthedifferencesbetweenthe
threeruns,wecalculatedforeachruntheareaofsurfaceoccupied
by methane at 25m height above ground level, with concenͲ
trations higher than 0ppmv. Also, we computed the standard
deviationfor06:00and08:00LT.TheresultsareshowninTableS2
(see theSM) togetherwith thestandarddeviations formaximum
concentrations obtained in these runs. Due to the values of
standarddeviation and the fact that valuesobtainedbyR17 are
closer to the mean than those obtained by R11 and R22, we
chooseCs=0.17asanoptimalvalueforourdiscretizationscheme.

Toestimate the sensitivityof themodel to thegrid sizeswe
run themodelwith different spatial discretization.GridG1with
30x30x60 computational cells and dx=dy=1000m, dz=50m, grid
G2with60x60x60computationalcellsanddx=dy=500m,dz=50m,
and G3with 120x120x60 computational cells and dx=dy=250m,
dz=50m. In these experiments a Smagorinsky constant Cs=0.17
was used. The time series of windmeasured atMeteorological
StationofCluj–Napoca InternationalAirportwerecomparedwith
thecorrespondingtimeseriesobtainedbysimulations.Thegraphs
fortimeevolutionofcomponentsuandvmeasured(uobs,vobs)and
modeled(umod,vmod)areshowninFigureS7a–S7f(seetheSM).The
modelwasrunwithgridG17hours,withG224hoursandwithG3
8hours.Therootmeansquare (RMS)error forwindcomponents
observed and provided bymodelwith grids G1, G2 and G3 are
presented in Table S3. For gridG2 is shown in parentheses the
valueforthefirst7hoursofrun,forabettercomparisonwiththe
G1 andG3.We consider thediscretizationwith gridG2optimal,
althoughtheRMSerrorforvcomponent is lessgoodthan incase
ofG3.

InFiguresS7gandS7h(seetheSM)arepresentedthevertical
distribution of temperature and specific humidity measured at
MeteorologicalandAerologicalStationCluj–Napoca,at03:00LTon
07.08.2012, togetherwith themodel provided temperature and
specifichumidityvalues,obtainedwithgridG2, in computational
cells locatedabovestation. Itshowsthatthemodeloverestimate
the intensityofthermal inversion,andpushthe levelof inversion
abovewith260m,andtheverticaldistributionofspecifichumidity
islessaccurate.

3.CaseStudies

Two representative days were selected, with appropriate
weatherconditionsforcasesinwhichtheeffectsoflocalcirculations
weredominant,and for those inwhich the synoptic scaleeffects
prevailed.Theselectionwasbasedonanalysisofsurfacepressure
maps inEurope,alongwith theupperairmaps for levelsof850
and700hPa.InparallelaerologicalsoundingsandhourlymeteoroͲ
logicalmessages,emitted from the twoweather stations inCluj–
Napoca,wereanalyzed.Inthisway6August2012wasidentifiedas
atypicaldayinwhichlocalweatherconditionsweredominant,and
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6 April 2011 as a typical day for prevalence of synoptic scale
effects.

Using the data archive at Regional Forecast Center Cluj, for
years2008–2010,therelativefrequenciesofoccurrenceofsynoptic
situationsgeneratingtheseweatherconditions, inthestudyarea,
were determined. In first case an average value of 8.7% was
obtained for summer season, and 9.8% in the second case for
spring season. Thismethodology used to selection of represenͲ
tativedaysissimilartothatusedbyPhilippopoulosetal.(2009).

In both cases, numerical experiments were carried out on
integration domainwith a grid that have the spatial increments
dx=dy=500manddz=50m.A constantemission rateofmethane
equal to 122.8gm–2day–1was assumed,which is an estimation
based on measurement data obtained by Vac (Soporan) et al.
(2012),usinganetworkofboreholewellsandagasanalyzer.This
emission rate is consistentwith other reported values for non–
conformalsolidwaste landfills,withsameextensionsand insame
climatologicalconditions(Goldsmithetal.,2012).

3.1.Case1–August6,2012

August6,2012,wasatypicaldayforascenariowithunfavorͲ
ableweather conditions for atmospheric dispersion. Large scale
weather conditionswithweak synoptic forcing favored the preͲ
dominance of local effects. At ground level Eastern Europe is
dominatedbyananticyclonefield(seetheSM,FigureS3c)causing
weakatmosphericcirculationsinstudyregion.

In altitude, at level of 850hPa,warm airmasses of north–
Africanoriginswere favored the formationofawarm ridgewith
temperaturesabove20°C (see theSM,FigureS3a).One can see
thatRomaniawassituatedonaxisofwarmridge,inaweaksouth–
western synoptic scale circulation in the lower troposphere. The
anticyclonic field and the warm ridge led to the clear sky and
formationofnocturnalthermalinversion.

The aerological sounding from Cluj–Napoca indicate weak
south–western wind, with 2–5ms–1 at all levels in the lower
troposphere,and stable thermal stratificationconditions (see the
SM, Figure S3b). At altitude of 1015m above MSL, one can
observe thepresenceofa thermal inversionof5.4°C.Theupper
limit of the inversion layer is a barrier to upward verticalmoveͲ
ments. In this context the synoptic scaleeffectswereblurredby
theeffectsoflocalcirculationsgeneratedbytheorographyandthe
non–uniformheatingofground.

Theobservationaldatafrom04:30LTwereusedasinitialdata,
and the evolution ofwind, temperature, humidity and pollutant
dispersion within the next 24hours were simulated. During the
day, modeled wind direction and intensity presented variations
due to local orographic effects and of the daytime cumulative
heating.Inthelayersneartheground,uptothe350–400mabove
theground,thesevariationsaremorepronouncedandsignificantly
influencetheatmosphericdispersion.Before07:30LT thesurface
windwaschanneledonSomesValleyandblowfromWtoE,andin
thenorth–easternpartofvalleyfromSWtoNE,whicharetypical
featuresofhill–valleybreezegeneratedby localorography.Then,
after07:30LT,theincreasingsurfacetemperaturegeneratevalley–
hillbreezes,whicharechanneledfromEtoWinthecenterofthe
integration domain. In the evening, after 20:00LT, when the
temperaturedropsagain,ariseagainhill–valleybreezeswhichare
channeled fromW to E, and in the north–eastern part of the
domainfromSWtoNE.Adetaileddescriptionofthehill–valleyand
valley–hill winds can be found in Souza et al. (2000) and in
Rampanellietal.(2004).

In altitudes, above 1200m, the influence of topography is
weaker,andthesimulatedwindisdirectedmainlyfromSWtoNE
followingthesynopticscalecirculation.Atthesealtitudesonlythe
convectivecirculations intheafternoonhoursdisrupttemporarily
the wind field. It should be noted that atmospheric stability
prevented the formationofmoistconvection,andupwardmoveͲ
mentshavenotreachedthelevelofcondensation.

Thesediurnalvariationsinwindfieldproducedmajorchanges
inthedispersionofmethanegeneratedbyPataRatlandfill.Inthe
first3hoursof simulation, thedispersionofmethanewasmade
from landfill,markedwithanasterisk, toNE following theSomes
Valley(Figure1a).

After the beginning of thermal circulations at 07:30 LT, the
surface wind change gradually and tend to rotate the axis of
methane cloud southward (Figure1b).A vertical section through
themethane cloud at 06:00 LT, along its axis, corresponding to
imageinFigure1a,isshowninFigure1c.

One can see that concentrations higher than 30ppmvwere
foundatdistancesup to3.5km from thedeposit,withavertical
extension of up to 140m. The isoline heights of 1ppmv extend
from150m,atadistanceof10kmfromthedeposit,upto330m
at 20km from the deposit. The isoline with a concentration of
0.001ppmv,was imposed as the outer contour of themethane
cloud.Inthiscontext,itisseenthatthecloudofmethanedoesnot
exceedtheheightof525m.

At09:00 LT the eastern extremityof themethane cloud conͲ
tinuetomovetosouth,whilenearthelandfill,themethanebegin
to spread toW, due to the initiation of easterlywind in central
areaof integrationdomain.Between09:00and10:00 LTeastern
edgeofmethaneclouddissipates,whilewesternflankofthecloud
reaches the central area of Cluj–Napoca with values of 3ppmv
(Figure2a).

Between 10:00 and 12:00 LT thewestward expansion of the
methanecloudcontinued. Intheafternoon,thesurfacetemperaͲ
turesrisesclosetothemaximumcumulativeheatingandconvective
verticalmotions occur, but these not reaches the condensation
levelthatwassituatedat831hPa,approximately1714m.

The increases in atmospheric turbulence, caused by the
vertical motions, tend to enhance the methane dispersion and
diminishtheconcentrations.Thus,at15:00LT,theconcentrations
atwestofCluj–NapocaandFeleac,weredecreasedbelow3ppmv
(Figure 2b). Also, one can see the increase of concentrations at
southofthedeposit,onthenorthernslopesofFeleacHill,dueto
thevalley–hillbreezes.

Local circulations generated by the complex topography are
well captured by the numerical model. Between 18:00 and
20:00LT, oncewith theweakening of the convective circulation,
the methane cloud extends westward again, so at 20:00LT, in
central square of Cluj–Napoca town, at height of 25m the
simulatedmethaneconcentrationswere10–12ppmv.

After20:00 LT,oncewith the temperaturedrop, the valley–
hillsidebreezesceasesandrebornthehill–valleybreezes.SimultaͲ
neously,begin thedispersionofconcentrations fromdeposittoE
and NE (Figure 2c). Until 24:00 LT the concentrations in north–
western part of the domain of integration was diluted below
1ppmv, while in the north–eastern part were increased and
extendedtothelimitsofintegrationdomain.

In the following hours of the night of 06/07 August, the
concentrationsof3ppmvandaboveremain inthenorth–eastern
quadrantoftheintegrationdomain(Figure2d).

ThemaximumconcentrationsobtainedareshowninFigure3,
on the first twomodel levelsaboveground,during the24hours
simulated. The highest values on both levels were recorded in
centerofdomainandtonorth–eastfromlandfill,alongtheSomes
Soporan et al. – Atmospheric Pollution Research (APR) 316

Valley.Ofcourse,thesemaximumvalueswerereachedatdifferent
timesofthedayornightandwereofshortduration.Inthenorth–
easternquadrantofthedomain, thehighestconcentrationswere
recordedduringtheeveningandnight.

Figure1.Concentrationsofmethaneatheightof25mabovethegroundat:(a)06:00LTand(b)08:00LT.(c)Verticalsectionthroughaxisofmethane
cloudat06:00LT.

Figure2.Methaneconcentrationsatheightof 25m aboveground at: (a) 10:00 LT,(b) 15:00 LT,(c) 21:00LTand(d)03:00LT.
(a) (b)
(c)
(a) (b)
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
Figure2. (Continued).

Figure3.Maximumconcentrationsachievedduring24hoursofsimulation,for6/7August2012,atheightof(a)25mand(b)75m.

For the study region, there are few measurement data of
methane concentrationswhich can be comparedwith the simuͲ
lation results.We canmention the experimental studies carried
out for some districts in Cluj–Napoca city. Cuna et al. (2003)
conductedmeasurementsofmethaneconcentrationsinthecentral
areaofthecity,inUniriisquare,inmonthsApriltoOctober,every
workingdayat14:00LT.Themeasuredvalueswerebetween2and
3ppmv. Haiduc and Beldean–Galea (2011), in 2008 and 2009,
carried outmeasurements ofmethane concentration inMarasti
squareand inGruianeighborhood,at themeteorological station,
chosen as reference point. Samples were collected daytime at
12:30LT,andinthiswaythediurnalvariationswerenotcaptured.
Theresultsshowsignificantseasonalvariationsbetween2.5ppmv
in August 2008, and 11.5ppmv in April 2009. Concentrations
obtained with the present model, in the central areas of Cluj–
Napoca,areshowninFigure4aand4b.Uniriisquarearelocatedat
7.3km from landfill site,whileMarasti Square at 5.6km. These
graphs describe the evolution of simulated concentrations
between09:30and22:00LTatheightsof25,75and125m.
Acommon featureof the twographs is thepresenceof two
peaks, one in themorning at around 10:00 LT, and one in the
eveningataround19:30LT.After19:30LT,during thenight, the
concentrationsdecreasednearzero,andarenotshowningraphs.
Themaximumconcentrations ineveningwerehigher than in the
morning, at both locations. At the first level above ground, the
maximum concentration during the evening was 14.7ppmv in
Uniriisquare,and20.7ppmvinMarastiSquare.Atthislevel,values
above 5ppmv were persisted between 18:48–20:12LT in Unirii
square, and between 18:24–20:30LT in Marasti. To north–east
from landfill,onSomesValley,themaximumconcentrationswere
achieved during the night. In center of Apahida Village, concenͲ
trations over 5ppmv were persisted in time intervals 05:00–
06:21LTand20:32–04:30LT(Figure4c).InJucuVillage,simulated
values above 5ppmv were obtained between hours 05:20–
06:17LTand21:11–04:30LT(Figure4d).Bothvillagesaresituated
on Somes Valley, Apahida at 6.6km from landfill, and Jucu at
13.4km.

(c) (d)
(a) (b)
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Figure4.Simulatedconcentrationsatheightsof25,75and125mincentraldistricts(a)Uniriiand(b)Marasti,andin(c)Apahida
and(d) Jucuvillages.

Measurements carried out by Vac (Soporan) et al. (2012),
indicateinPataRatlandfillgascompositionanaveragecontentof
hydrogensulfide(H2S)equalto74ppmv.Usingthisvalueandthe
methodologiesproposedbyTagarisetal.(2003),togetherwiththe
methaneconcentrationsobtainedinnumericalexperiment,wecan
identifyareasandtimeintervals,whereandwhentheH2SconcenͲ
trationsexceedtheodordetectionthreshold.Also, intheseareas,
wecanestimatetheodorintensityduetothepresenceofH2S.The
odor detection threshold for H2S is 0.00047ppmv (CPCB, 2008;
U.K.EA,2002). In this contextwe found that inareaswhere the
methane concentrations exceed 5ppmv, the H2S concentrations
exceedtheodordetectionthreshold.Figure4showsthatincentral
areasofCluj–Napoca theodorofH2Swasperceptibleduring the
evening,with duration of 1 hour 24min in Unirii Square and 2
hours6mininMarastiSquare.InvillagesApahidaandJucutheH2S
odorwasperceptibleallnight.

3.2.Case2–April6,2011

OnApril6,2011,duetotheintensenorth–westerncirculation,
synoptic scale effectswere dominant.During theday, thewarm
front from north of the continent (see the SM, Figure S4a) has
affectedtheregionofinterest,causingwarmairadvection,persisͲ
tentwindintensificationsfromNW,andtemporarycloudiness,but
withoutprecipitation.Atgroundlevel,thewindspeedsrecordedat
weather stations have values between 4 and 12ms–1, from the
NW,and in centerof studydomainwaschanneledonwest–east
direction.Undertheseconditionsthemethanewasdispersedfrom
the landfill to the east. Simulation shows that meteorological
conditions weremore favorable for dispersion than in the first
case.
In Figure S5 (see the SM), the horizontal extension of the
methane cloud at 06:00, 12:00, 18:00 and 02:00LT, at height of
25mabovethegroundlevelisshown.

In concentrations fieldat25maboveground, thereare two
centersofmaximum thatpersist, inpositionand intensity,during
the 24hours simulated. The first, with concentrations above
60ppmv is centeredatabout100mdownstreamof thedeposit,
and the second,withmore than 30ppmv, at about 3.7km. The
distance between the deposit and the eastern end of 1ppmv
isoline remain constant, near 7.5km, although its shape shows
somevariationintime.Also,toeast,thedistancebetweendeposit
and the isoline of 0.001 ppmv not exceed 12.5km during the
24hoursofsimulation.

InFigureS4b(seetheSM)isshownaverticalsection,inwest–
eastdirection,throughthemethanecloudat06:00LT.Thesection
passes through thecenterof the landfill.Onecandistinguish the
twopeakscorresponding tocentersofmaxima inFigureS5a (see
the SM). Theheightof 1ppmv isoline isnear 380m, in the first
800m from landfill, thendecreasegradually tozeroatadistance
of 7.5km from thedeposit. Themaximumheightof 0.001ppmv
isolineis625m.

Themaximumconcentrationsobtainedonthefirsttwo levels
abovetheground,duringthe24hoursofsimulation,areshownin
Figure5.Onecanseethat,onthesecond levelofmodel,concenͲ
trations are smaller and appear three cores ofmaxima, and the
methanecloudismoreextendedtoeast.Inthiscase,Cluj–Napoca,
ApahidaandJucuwerenotaffectedbytheodorofH2S.

(a) (b)
(c) (d)
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Figure5.Maximumconcentrationsachievedduring24hoursofsimulation,for6/7April2011,atheightof(a)25mand(b)75m.

4.Conclusions

Methanedispersionat localscale,generatedby thePataRat
non–compliant MSW landfill, was investigated using numerical
experiments.Simulations for twodistinct caseswere carriedout.
Differencebetween themwasdeterminedby themeteorological
conditions.Inthefirstcasethelocaleffectsdominatedoverthose
fromthesynopticscale,whileinthesecondcasethesynopticscale
effectsweredominant.Resultsshowthatthemethanedispersion
is strongly influenced by the weather conditions and local
topography.

Usingthemethaneconcentrationsasodorindex,theodorous
time intervals,due to thepresenceofH2S,were identified for 2
central areas of Cluj–Napoca, and for Apahida and Jucu villages.
H2Swasassumed tobe themaincontributor to the landfillodor,
and the ratio of H2S tomethanewas used to estimate the H2S
concentrationsfromthemodeledmethaneconcentrations.

When synoptic forcing is weak, topography features a
prominentdiurnalcycleforlocalcirculations.Thethermallydriven
daytime upslope flows and nighttime downslope flows become
significant,togetherwiththeconvectiveverticalmotions.Incentral
regionofthestudydomain,thesurfacewindsarechanneledalong
theSomesValley,fromeasttowestduringtheday,andfromwest
toeastduringthenight.These localeffectsaremorepronounced
in summer, inpresenceofananticyclonic field,and in situations
with enhanced atmospheric stability associated with radiative
thermal inversionsinthemorning.Duringthenight,suchweather
conditions inhibit the dispersion of methane, and favor the
accumulation of concentrations below the inversion level. These
issueswerewell simulatedby themodel,andare ingoodagreeͲ
mentwith observations provided byweather stations. It is also
important to outline, that in study domain, suchmeteorological
conditions have a high frequency of occurrence in the summer
months.

In these conditions the dispersion ofmethane from landfill
shows,also,astrongdiurnalcycle.Duringtheday,after09:00LT,
themethaneisdispersedtowest,andintheeasternpartofstudy
area the concentrations tend to decrease toward zero. In afterͲ
noon, themethane concentrationsmark a decrease due to the
photochemicaloxidationandthe intensificationofverticalmixing,
asaconsequenceofthe thermalconvection.After20:00LT,once
thetemperaturedrop,beginthedispersionofconcentrationsfrom
deposit toEandNE.Themaximum simulated concentrationwas
reachedonSomesValley,during thenight,with121ppmvat the
first level of model. This numerical experiment pointed out an
importantlocalcharacteristic,thatthethermalcirculationsextend
up toabout350–400maboveground level,andabove that level
the winds are turning gradually to a direction from SW to NE,
followingthesynopticscalecirculation.

An important finding is that in suchweather conditions the
unpleasantodoroflandfillgasescanbepresent,forsomehoursin
evening,evenincentralareasofCluj–Napoca.Simulationindicate,
thatinCluj–Napoca,thehighestimpactoflandfillappearstobein
evening, when the H2S concentrations exceed the detection
threshold,andtheassociatedunpleasantodorbecomeperceptible
for1–3hours, indifferentneighborhoodsofthecity.Toeastand
north–east from landfill, the villagesalong the SomesValley,are
affectedbytheodorwholenight.

When synoptic scale effects are dominant, the atmospheric
circulationsaremore intense.Due to thepersistentmoderate to
strongwindregimes,thedispersionconditionsarebetter.Thearea
affectedbythemethanecloudismuchlowerthaninthefirstcase,
andnearlyconstantintime.Also,themaximumsimulatedconcenͲ
tration achieved is much smaller, 64ppmv at the first level of
model.Theodoraffectsamorereducedarea,mainlytoeastfrom
landfillsite,andneartheaxisofmethanecloud.

For thestudy region, reliablemeasurementdataofmethane
concentrationstobecomparedwithsimulationresultsaremissing,
butthefewmeasuredvaluesexistentforCluj–Napoca,areingood
concordancewiththesimulationresults.

The results indicate the possibility of using the numerical
modelasadecisionalsupporttoolinassessingtheapplicationsand
strategies for air pollution control on a local scale. An accurate
mappingofpollutantdispersion isusefulboth forurbanplanning
andresidentialdevelopers.

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SupportingMaterialAvailable

Sitedescriptionandsourcecharacteristicsinputintothemodel
(Text S1), Study areawith landfill in center (Figure S1a), Terrain
elevationsvarybetween270and800m(FigureS1b),Aerialviewof
MSWlandfill(FigureS1c),Horizontalsectionsinwindfieldprovided
bymodelataltitudeof325maboveMSLat06:42,10:51,20:48LT
andat1225maboveMSLat10:51LT in06.08.2012 (FigureS2),
Temperaturefieldat850hPalevelon06.08.2012,03:00LT(Figure
S3a), Aerological sounding from Cluj–Napoca on 06.08.2012,
03:00LT (Figure S3b), Surface pressure field on 06.08.2012 at
03:00LT (Figure S3c), Surface pressure field on 06.04.2011,
15:00LT (Figure S4a), Vertical section in west–east direction
throughmethane cloud at 06:00LT on 06.04.2011 (Figure S4b),
Methane concentrations at height of 25m above the ground at
06:00, 12:00 and 18:00LT on 06.04.2011 and at 02:00LT on
07.04.2011 (Figure S5), Methane concentrations provided by
model in sensitivity runs R11 and R22 at 06:00 and 08:00LT on
06.08.2012 (FigureS6),Timeevolutionofobservedandmodeled
windcomponentsinsensitivityrunsG1,G2andG3for06.08.2012
and vertical distribution of temperature and specific humidity,
measured and provided by model, at 03:00LT on 07.08.2012
(Figure S7),Mean annual relative frequencies of occurrences of
wind directionon 8 directions in% (Table S1), Sizeof areawith
concentrations greater than 0ppmv and maximum value of
concentrations in sensitivity experiences of results to Cs values
(Table S2), RMS error for wind components provided bymodel
withgridsG1,G2andG3 (TableS3).This information isavailable
freeofchargeviatheInternetathttp://www.atmospolres.com.

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